Abstract: This paper proposes a nonlinear observer for an electropneumatic clutch actuator. Parameter estimation of the clutch load characteristic and friction are also treated through adaptation. Estimates of piston velocity, chamber pressures and dynamic friction state are made based on piston position measurement only. Persistence of excitation conditions for convergence of the estimation error are derived. The performance of the observer and the parameter estimation is evaluated and compared to experimental measurements.
INTRODUCTION
In this paper we propose a nonlinear observer for an electropneumatic clutch actuator intended for heavy duty trucks. Pneumatic actuators are common as industrial actuators, Smaoui et al. [2005] , because of their desired properties; clean operations, low cost, high force-to-mass ratio and easy maintenance, Aziz and Bone [1998] and Ahn and Yokota [2005] . The main drawback, compared to hydraulic actuators, is their nonlinear behavior. This arises from the compressibility of air, stiction and high friction forces. Pneumatics are still preferred in our system, as pressurized air is already present in trucks.
The clutch system considered is a system well suited as an Automated Manual Transmission (AMT) system, which is consisting of automated clutch motion during gear shifts and direct transmission through the clutch disc. As in any automotive system, cost is an important factor, and it is desired to have only a position sensor present in the system and avoid sensors for velocity, pressure and other variables. But for control purposes, as considered in earlier work Sande et al. [2007] , Langjord et al. [2008a] , [2009] and [2010] , as much real-time information of the system as possible is wanted, which makes estimation important. The main goal of the work presented in this paper is to design a nonlinear observer for estimation of the other states together with adaptation of clutch load characteristics. Off-line estimation of this characteristic was treated in Langjord et al. [2008b] , but as it tend to drift with wear and temperature changes, adaptation of the load characteristic is treated in addition to adaptation of the viscous friction coefficient.
General designs for nonlinear observer design are developed for particular classes of nonlinear system. Wu et al. [2004] consider nonlinear observability analysis for a pneumatic actuator system, and concludes that in general it is not feasible to guarantee pressure estimate only from This work has been sponsored by the Norwegian Research Council and Kongsberg Automotive ASA. measurements on position. Therefore, observers presented for pneumatic actuator systems are designed ispecially for the treated system. Bigras and Khayati [2002] presents an approach to design an observer for a pneumatic cylinder system for which the connection port comprises a non-negligible restriction, Pandian et al. [2002] propose a continuous gain observer and a sliding mode observer to estimate pressure in a cylinder actuator, and Gulati and Barth [2005] present two Lyapunov-based, one energybased and one force-error based, pressure observers for a pneumatic actuator system. The theses of Kaasa [2006] and Vallevik [2006] consider observer designs for the same clutch actuator system as we do, but these do not provide sufficient conditions for convergence of estimate errors. They also consider a three-way proportional valve as control valve while we consider on/off-solenoid valves. The presented observer in this paper is a deterministic observer with linear output-injections and adaptation laws for load characteristics and viscous friction coefficient, where the state errors converge to zero under persistence of exitation (PE) conditions.
SYSTEM AND MODEL

Fig. 1. A schematic of the system
In Figure 1 , a schematic of the considered clutch actuator system is shown. The electronic control unit (ECU) 
where the variables are described in Table 1 .
The load force f l (y) is a nonlinear function describing the clutch spring characteristic, which in general can be parametrized in the affine form
where φ is a vector of basis functions and θ is the weight parameter vector of these. To obtain a model with few parameters, the B-splines shown in Figure 2 (a) are used as basis functions, see Langjord et al. [2008b] for more details. The resulting load is shown in 2(b) together with the load estimated from measurements. As the clutch wears, the curve will move up and to the left, that is, higher load especially for low positions. The friction acting on the piston is modeled by a viscous damping term with parameter D and a Coulomb friction term with parameter 
where the volumes in each chamber are given as function of the position of the piston according to
(7) To describe the flow through the control valves of chamber A, and the flow through the outlet restriction of chamber B we use a simplified version of the standardized orifice flow equation, ISO[1989] , (see also Kaasa [2006] )
and the pressure ratio function ω is
The resulting air flows to/from chamber A and B are w v = w c,supp u supp − w c,ex u ex (10) w r = w in − w out (11) where the control inputs are given in Table 2 (a) and the pressures in Table 2 (b). 
OBSERVER DESIGN
As only position measurement is present, we want to estimate the rest of the system state based on knowledge of the model and this measurement.
We propose a reduced-order observer for the unmeasured states by
.
where l v , l m ≥ 0 are the observer injection gains. Remark 1. Introducingẏ in the observer design has some drawbacks, as differentiation of the measured signal will amplify any measurement noise. But, notice that the injection terms l (ẏ −v) are implementable with only y measured, i.e. without usingẏ explicitly. The effects of measurement noise will be discussed later. Definition 1. (Persistently exciting (PE) signal). A signal ω is persistently exciting if there exist T > 0 and > 0 such that
Proposition 1. The observer presented in (14), where l v , l m ≥ 0, ensures that for any physically meaningful initial conditions and system trajectories (1) the error dynamics are stable (2)ṽ andm B converges to zero (3) if v is PE alsom A andz converge to zero
Proof . The error dynamics are
(15d) where we get from the mean value theorem
and
∞ Stability of the above error dynamics can be established using the Lyapunov function candidate
where V Bmin = V B (y max ). The time-derivative of U becomeṡ
Using the inequality b (t) /b 0 > 1, and inf V B (y) = V B min we see thatU satisfieṡ
Using Young's inequality xy ≤ we obtain
This giveṡ v converges to zero, thus in the limit
With PE of v,U will be negative definite also inz, which by Barbalat's lemma implies thatz also converges to zero, thusm A must converge too. Remark 2. For the special case v = 0, withṽ =m B = 0, the (z,m A )-dynamics are governed by
. m A = −a (t)m A , Hence, if a (t) > 0, which is achieved with PE of u,m A must converge to zero, hence alsoz. In the case that u is not PE leading to a (t) = 0, the observer may get stuck at m A = 0,z = 0, i.e. with errors in the estimates of the pressurep A and the dynamic friction Fẑ.
ADAPTIVE OBSERVER DESIGN
The clutch load characteristic and the friction coefficients are subject to change during the clutch lifetime, and also due to temperature changes. Therefore, adaptation of these would be valuable in order to reduce model errors. We propose adaptive laws for clutch load parameters, θ and the viscous damping coefficient, D. The observer 14 is implemented with estimated parameter vectorθ instead of θ and the estimated parameterD instead of D. This results in the parametric uncertainties
which appear in the resultingṽ-dynamics as
We propose adaptation laws with some gain matrix Γ = Γ T > 0 and gain γ D > 0
Proposition 2. The observer presented in (14) with the estimatesD andθ, updated by the adaption laws (26) and (27) 
EXPERIMENTAL RESULTS
The nonlinear observer and the parameter adaptation laws are implemented in Simulink by using Euler discretization. Measurements from experiments conducted in a test truck at Kongsberg Automotive ASA are used to verify our results, and in these experiments pressure measurements from the actuator chamber are available. For validation, the estimation and control accuracy are considered most important in the engage/disengage area of the clutch, see Figure 6 shows results where both the clutch load characteristic and the viscous friction parameter are adaptated. In these experiment the injection gains are l v = 2000 and l m = 10 −5 , and the gain Γ have been set to zero in the areas y < 0.001 and 0.007 < y < 0.009, which are areas with little movement where it is not expected that the PE conditions are fulfilled. It can be seen in Figure 5 that the start values of these parameters have been set far from the expected values to test the performance of the adaptation laws. We have used slow adaptation of the clutch load, as it is expected to be slowly changing and slow adaption is expected to improve the robustness of the approach. The estimated pressure in chamber A, Figure  6 (c), improves over time and we have a good estimate after approximately 150 s corresponding to adaptation in about 60 clutch sequences. From Figure 5 (b) it is clear that the adaptation of θ gives an accurate estimate of the clutch load characteristic. This indicate that the clutch sequence provides sufficient excitation to estimate both load and friction coefficients. This is important as it was shown in Langjord et al. [2009] that errors in the clutch load characteristic has large influence on the system. Injection gains adds extra noise, in the estimated velocity and the low pressure area of the estimate of the pressure in ch. A. This is due to the use of the derivative of the measurement, y, in the observer design. For control purposes, as studied in Langjord and Johansen [2010] , accuracy of position error is the most important factor as it is position we want to control. The control design depend on velocity and pressure errors mostly far from the equilibrium point, and this lower the demand for precision of these estimates. The noise introduced by the observer is therefor not likely to cause any problem for control purposes. The injection gains have been used throughout the rest of the paper.
CONCLUDING REMARKS
A nonlinear observer for an electropneumatic clutch actuator is presented, in addition to a parameter adaptation laws for clutch load characteristic and the viscous friction coefficient. Convergence to zero of the error dynamics are ensured through PE conditions. The results are validated by experiment from a test truck. 
